Introduction
The vast reserves of unconventional oil deposits such as heavy oil, bitumen/oilsands, and oil shale could potentially supplement to the declining light oil reserves. However, the challenges imposed by their physical properties such as high viscosity, asphaltenes, metals (e.g., Ni, V, and Fe) and high heteroatom (e.g., S, N, and O) make exploitation difficult and costly [1] . In the light of this, enhanced oil recovery processes such as steam and/or in situ combustion techniques are used to heat up the heavy oil reservoir in order mobilise the oil for production. The Toeto-Heel Air Injection (THAI) process uses short distance displacement as compared to long distance with conventional in situ combustion (ISC) process [2] . Emplacement of catalyst packing around the horizontal production well (Catalytic upgrading Process In situ, CAPRI) has been developed to augment the THAI process to achieve further upgrading of the produced oil [2, 3] .
High temperatures up to 450-700 ○ C can be achieved in the reservoir during the operation of THAI [4] . The oil may undergo pyrolysis and also upgrading reactions due to the natural catalytic activity of the host rock. Injection of nano-sized catalyst particles ahead of the combustion front will further enhance the upgrading arising from thermal cracking by the THAI process itself. The reactions involving heavy oil taking place on the catalyst are known to produce solid coke deposits. This coke can deactivate active sites as well as prevent access of reactants to the catalyst pellets by completely blocking the surface pores of pelleted catalysts as packed around the annulus of the horizontal well in conventional CAPRI.
Catalyst deactivation due to coke and metal deposition during in situ catalytic upgrading of heavy oil is potentially a major problem for the implementation of conventional CAPRI [5] . The use of an activated carbon guard bed on top of the catalyst has been reported to reduce coke formation and sustain catalyst lifetime by removal of coke precursors and the addition of hydrogen promotes hydroconversion reactions which are shown to deposit less coke than thermal cracking [3, 6, 7] . Moreover, in situ hydrogen production from steam via the water-gas-shift reaction has also been investigated as a source of hydrogen to promote hydrocracking and hydrogenation reactions by Hart et al. [7] . It was found that both hydrogen-addition and steam improved API gravity and viscosity of the produced oil and reduced coke formation. However, the pelleted catalyst still experienced pore blockage by macromolecules such as asphaltenes and resins [8] . The challenges of packing the horizontal production well with pelleted catalyst and deactivation caused by coke and metal deposition could potentially be decreased by using ultradispersed, once-through nano-sized catalyst. Galarraga and Pereira-Almao [9] reported the use of a trimetallic (Ni-W-Mo) submicronic catalyst for dispersed upgrading at 380°C in a batch reactor, using a stirrer speed of 500 rpm, and a reaction time of 3-70 h. They found that the produced oil API gravity increased by 6.5°API and the extent of viscosity reduction was 99% relative to the Athabasca bitumen (API gravity 9.5 and viscosity 7680 mPa·s). Dispersed catalysts such as iron-containing 'red mud', a waste product created during the processing of bauxite for aluminium production in the Bayer process, have been shown to be effective for upgrading heavy oils [10] . Moreover nano-sized catalysts have a high surface to volume ratio, low intraparticle mass transfer resistance and thus may be more resistant to deactivation than pelleted catalysts [9, 11] . Ultrafine (micron) scale particles may also offer some of these advantages whilst being cheaper to produce, not requiring specialist preparation and easier to handle, for example not being absorbed easily through the skin. The combination of such catalysts with in situ upgrading in CAPRI would require the catalyst to be conveyed or pumped as slurry into the reservoir and thus enabling the catalyst to contact the oil in a once-through manner. This would also reduce the residence time in contact with the oil, and catalyst. The catalyst, which does eventually deactivate, could nevertheless easily be replenished. The combustion zone in the THAI-CAPRI process can reach temperatures of 450-700°C, so that reservoir water and water from combustion reactions are available to generate steam. The resulting steam bank flooding and hot water are displaced towards the immobile cold bitumen [4, 12, 13] . The in-situ generated hydrogen via water-gas-shift is not adequate to moderate the population of free radicals formed during heavy oil pyrolysis, hence an external source of hydrogen is required, particularly as the water gas shift reaction is not very active at the temperatures of~400°C in the well. The addition of gaseous hydrogen from external source can however prove challenging and dangerous to introduce into an oil reservoir. Alternatively, hydrogen can be generated in situ by injecting a suitable donor solvent. In the light of this, a hydrogen-donor solvent such as cyclohexane, tetralin, and decalin, for example can be injected to supplement the produced hydrogen from hydrocarbons and steam. The use of hydrogen-donor solvents such tetralin, decalin, and cyclohexane for coal/oil shale liquefaction and thermal/catalytic upgrading of heavy oil vacuum residues have been extensively recognised in the literature [14] [15] [16] [17] [18] .
A study of fixed-bed of pelleted catalyst and ultradispersed catalyst for in situ catalytic upgrading of heavy oil with CAPRI was reported by Hart et al. [19] . Their results showed that dispersed catalyst had a better upgrading performance than fixed-bed of pelleted catalyst. Moreover, the ultradispersed catalyst produced oil with properties that approach conventional light oil characteristics [19] . However, it is challenging to simultaneously increase the amount and quality (API) of upgraded liquid product and also suppress coke yield. Heavy oil is hydrogendeficient; hence carbon-rejection and/or hydrogen-addition are the two main routes of upgrading. Hydrogen helps to stabilise generated free radicals that are formed during cracking reactions, to narrow the molecular weight distribution of the product. It has been reported that the dehydrogenation of cycloalkanes such as cyclohexane, methylecyclohexane, and decalin can provide an effective hydrogen supply to cap generated coke precursors during catalytic upgrading [16, 18, 20] . Dehydrogenation of cyclohexane (CH) could liberate hydrogen for hydrocracking and hydrogenation reactions, if the partial pressure of hydrogen is high enough. In this work, the in situ generation of hydrogen and application of ultradispersed particle slurry are investigated with a view to suppressing the formation of free radicals and subsequently improve the API gravity and viscosity, enhance the yield of liquid product and suppress coke formation. The effect of cyclohexane as hydrogen-donor solvent was investigated, whilst the cyclohexaneto-oil ratio was optimised by varying the amount of cyclohexane using ultradispersed Ni-Mo/Al 2 O 3 catalyst. The aims of the work are to improve liquid yield, fuel distillate products, API gravity and lower viscosity of the produced oil whilst suppressing coke formation.
Materials and methods
The feed oil was supplied by Touchstone Exploration Inc., from the THAI field operation at Kerrobert, Saskatchewan, Canada. The elemental composition and properties of the feed oil are shown in Table 1 . The cyclohexane was purchased from Fisher Scientific UK limited with 99% purity, boiling point (BP), 80.7°C and density, 0.78 g·cm −3 .
The ultrafine particles of Ni-Mo/Al 2 O 3 were produced by mechanically crushing pelleted Ni-Mo/Al 2 O 3 catalyst (1.2 mm diameter × 1.8-5 mm length, 17.4 wt.% (Mo) and 1.8 wt.% (Ni), supplied by AkzoNobel, Netherlands) using a Tema laboratory disc mill model T 750 K (TEMA Machinery Ltd, UK). The size of the ultrafine particles after crushing was measured by a laser diffraction particle size analyser (Helos-Rodos T4.1, Sympatec, Germany) and a Micromeritics Analytical Instrument ASAP® 2010 was used to measure their surface area. Properties of the ultrafine Ni-Mo/Al 2 O 3 catalyst are presented in Table 2 . The number and strength of the acid sites based on the adsorption-desorption of tert-butylamine ((CH 3 ) 3 CNH 2 ) were determined using temperature programmed desorption (TPD) of the fresh Ni-Mo/Al 2 O 3 catalyst with a Micromeritics AutoChem II 2920 analyser.
Process variables, such as temperature, pressure, gas-to-oil ratio, catalyst-to-oil ratio and residence time used in this study were optimised values obtained from previous studies in the fixed-bed CAPRI reactor [3, 5, 19] . The effect of cyclohexane (CH) as a hydrogendonor solvent for ultradispersed catalytic upgrading was tested using a stirred batch reactor (100 mL capacity), Baskerville UK. The experimental setup is shown in Fig. 1 . The batch reactor enabled the screening of an economical quantity of catalyst and oil whilst separating the effects of the catalyst from possible flow problems of conveying a viscous oil and catalyst slurry, as may occur in the fixed bed. Separate studies are being carried out to evaluate how the catalyst could be contacted with oil in the reservoir. The reactions were carried out at a temperature of 425°C, catalyst-to-oil ratio 0.02 (g·g −1 ), agitation 500 rpm and 10 minute reaction time, as determined in previous fixed-bed and ultradispersed catalyst investigations [5, 19] . The reactor was pressurised to an initial pressure of 17.5 bar (nitrogen or hydrogen), which increased to 65-70 bar with the rising temperature and gas production due to cracking reactions. The reactor pressure decreased to 24-25 bar upon cooling the reactor to room temperature. The high pressures generated indicate that the process is suitable for reservoir depths of greater than 75 m. Once the desired temperature of 425°C is reached, 10 minute reaction time was allowed to match the residence time reported by Shah et al. [5] in a fixed-bed operation. The experimental conditions are summarised in Table 3 . A detailed description of the experimental procedure has been reported elsewhere [19] . To evaluate the effect of the ultrafine Ni-Mo/Al 2 O 3 catalyst, a thermal cracking experiment was performed without catalyst. Additionally, an experiment with hydrogen gas (instead of nitrogen) was performed for comparison with the hydrogen-donor cyclohexane experiment at the same conditions. After the upgrading reactions were completed, three products consisting of upgraded oil (liquid), non-condensable gas and coke were quantified. For the upgraded liquid product the following measurements were made: viscosity (Advanced rheometer AR 1000, TA Instruments Ltd, United Kingdom), API gravity (Anton Paar DMA 35 portable density meter), and true boiling point (TBP) distribution by simulated distillation by Agilent 6850 N gas chromatography (GC) based on ASTM D2887 method (the calibration mix of the GC contain hydrocarbons from C 5 to C 40 and also the maximum oven temperature is 280°C, hence the macromolecules such as resins and asphaltenes outside this carbon range cannot be accounted for). The column details are as follows: DB-HT 5 m length, 0.53 mm internal diameter, and film thickness capillary is 0.15 μm. The GC was fitted with a Programmed Temperature Vaporisation (PTV) injector which rapidly heats the sample to 360°C to vaporise the sample before introduction to the column. The asphaltene content before and after the upgrading reactions was determined through precipitation using n-heptane in the ratio oil/ n-heptane of 1:40 (g·mL − 1 ). The produced coke was determined using thermogravimetric analysis (TGA) (NETZSCH-Geratebau GmbH, TG 209 F1 Iris®) of the deposit left in the reactor after the liquid portion has been collected. The analysis was performed with a ramp temperature increase from 25 to 900°C under air flow of 50 mL·min −1 . A detailed description of these analytical instruments has been reported elsewhere [3, 6, 7] . The products are grouped into coke, liquid and noncondensable gas yields after the upgrading reaction and are calculated by the following Eqs. (1) and (2):
Yield of gas wt:% ð Þ¼ weight of feed oil−weight of autoclave content after reaction weight of feed oil Â100:
ð2Þ
The experiments were performed in triplicate to check repeatability, and the values reported are the average values.
Results and discussion
The monitored temperature and pressure profiles during heating, reaction and cooling are presented. The data showing the extent of upgrading of the heavy oil and the effect of cyclohexane (CH) as hydrogen-donor solvent in comparison to the use of hydrogen is evaluated in terms of API gravity increase, viscosity reduction, asphaltene reduction and yield of distillate. Additionally, the effects upon the extent of coke deposit of adding hydrogen and cyclohexane relative to only thermal cracking and addition of ultradispersed catalyst without hydrogen donor are also presented and discussed in the following sections.
Temperature and pressure profile
The starting point of the experiments occurred when the internal temperature inside the reactor reached its set-point value of 425°C, although some additional, small amount, of upgrading may also occur during the initial start-up and final shutdown of the reactor. The reaction temperature for all experiments was reached within 124 min. The internal temperature and pressure profiles inside the stirred batch reactor during heat-up, reaction, and cool-down for thermal cracking, ultradispersed catalytic cracking, and the addition of different ratios of cyclohexane in the presence of ultradispersed catalyst are presented in Fig. 2 .
It can be observed that the temperature-pressure profiles follow a similar trend for all the experiments. However, the maximum pressure during thermal cracking periods was significantly higher than that of the catalytic cracking counterpart. Since the initial pressures were the same, the only reason is an increase in gas formation during thermal cracking. A similar observation of the high yield of gas during thermal cracking, compared with catalytic upgrading was reported by Sawarkar et al. [21] for residue upgrading in a stirred batch reactor. In the ultradispersed Ni-Mo/Al 2 O 3 catalyst experiment, in addition to decreasing the activation energy, it is postulated that the fine particles were able to abstract some radicals such as methyl, ethyl, as well as other light hydrocarbons, from the gas-phase into the liquid-phase to quench cracked active hydrocarbon chains [19] . Hence, the amount of gas decreases, so a pressure decrease is also observed.
The addition of cyclohexane (CH) to the ultradispersed Ni-Mo/Al 2 O 3 catalyst displayed an increase in the pressure beyond the maximum experienced during the thermal and catalytic cracking. The dehydrogenation of cyclohexane (CH) is an endothermic reaction and the chemical equilibrium is favourable at high temperatures [16] . The boiling point (BP) of CH is 80.7°C, which corresponds to a pressure of about 19 bar, therefore the evaporation of the liquid CH occurs during the heating to 425°C to form vapour-phase reactant. This can be noticed in Fig. 2 as the pressure under added CH over the temperature range 80.7°C to 425°C was progressively higher than that without CH addition. As the temperature increases beyond 80.7°C rapid volume expansion occurs (see Fig. 2 ) as a result of phase change within the slurry medium. This phase change occurs as noted between 150 and 400°C, in Fig. 2 . The release of hydrogen and the formation C 1 -C 5 due to ring opening contributed to the increased pressure observed upon the addition of CH [22] . This is confirmed from the increased pressure noticed with increasing CH-to-oil ratio. The increased pressure however increases the partial pressure of the liberated hydrogen to favour hydrocracking and hydrogenation reactions. The maximum pressure of the ultradispersed experiment under hydrogen atmosphere is significantly lower than that carried out under nitrogen atmosphere with or without CH because of the consumption of hydrogen for hydrocracking and hydrogenation reactions.
Coke, gas and liquid yields
The heavy oil/bitmen upgrading reactions take place in a three phase gas-liquid-solid environment on the surface of the ultradispersed catalyst. It is very likely in this situation that solid carbonaceous (coke) deposits will be produced [21] . The coke can deactivate active sites and lower catalyst performance; hence the amount of liquid product obtainable is decreased. The ultrafine particles of Ni-Mo/Al 2 O 3 were encapsulated with residual oil, asphaltenes, deposited metals such as vanadium, nickel and iron, and coke after upgrading reactions [8] . So, it is challenging to separate the spent catalyst and recycle it after reaction. It has been reported that the Ni-Mo metals in the catalyst ended as metallic sulphides after reaction due to the high sulphur content of the heavy oil [6, 8] . Hence, TGA was used to quantify the amount of coke in the composite deposit after reaction. The portion of the feed oil converted to coke was determined from TGA of the deposit (which includes residual oil, asphaltenes, catalyst particles and coke) left in the reactor after the upgraded oil has been collected. The thermogram is shown in Fig. 3 . The weight loss from 25 to 278°C represents devolatilisation of residual oil in the deposits. The weight loss from 278°C to final 'burn-off' temperature represents the 'burn-off' of soft (278-521°C) and hard coke (521°C-final temperature) from rejected carbon due to cracked hydrocarbons. The observed temperatures for the complete burn-off coke are presented in Table 4 .
From Table 4 , it can be seen that the deposited coke after catalytic upgrading burns-off approximately 100°C lower than the deposit produced by thermal cracking. This indicates that the coke produced by thermal cracking is harder and more condensed than that produced by catalytic upgrading. It can also be observed that the burn-off temperature of the coke produced after ultradispersed catalytic upgrading decreases as the CH:oil ratio increases, from 0.01 to 0.08 (g·g − 1 ). This suggests that the extent of polymerisation and condensation of macromolecules such as resins and asphaltenes was suppressed as the cyclohexane (CH)-to-oil ratio increases. The observation can be attributed to increased release of hydrogen from the dehydrogenation of cyclohexane. This notion is re-enforced as the burn-off temperature of the coke produced after catalytic upgrading under hydrogen atmosphere is lower than that obtained under nitrogen gas environment and the use of cyclohexane. Table 5 displays the mass balance of gas, liquid and coke after thermal cracking and ultradispersed catalytic upgrading under nitrogen, hydrogen atmosphere and cyclohexane solvent. It can be observed that there is greater production of non-condensable gas and coke, and less liquid products with thermal cracking than ultradispersed catalytic upgrading. Fig. 4 shows the relation between CH-to-feed oil ratio and coke and upgraded oil yields after reaction. With thermal cracking 13.35 wt.% (gas) and 7.95 wt.% (coke) were produced, whilst ultradispersed catalytic under nitrogen atmosphere produced 11.5 wt.% (gas) and 4.67 wt.% (coke). This represents, respectively, 13.5% (gas) and 41.3% (coke) reduction with ultradispersed catalyst relative to thermal cracking. This confirmed the higher pressure observed during thermal cracking compared to ultradispersed catalytic upgrading (see Fig. 2 ). Hence, the catalyst suppresses undesired coking reactions and subsequently increases conversion of heavy molecular weight hydrocarbons to light products.
Under a hydrogen atmosphere, the gas and coke produced decreased by respectively 21.7% and 65.53%, relative to that achieved with thermal upgrading. In comparison to upgrading under a nitrogen atmosphere, there was 9.5% and 41.2% further reduction in gas and coke yields. This confirmed the previous well-established findings of the role of hydrogen in suppressing coke formation, also observed by Hart et al. [3, 6] , and also a similar decrease in gas and coke yields under hydrogen atmosphere has been reported in the literature [23, 24] . Under nitrogen atmosphere, the catalytic upgrading is mainly a carbon rejection process, in which the hydrogen within the hydrocarbons is redistributed among the cracked fragments, resulting in light fractions (distillates) and deposits with lower hydrogen/carbon atomic ratio (coke). However, for hydrogen-addition combined with ultradispersed catalytic process, the complex molecules such as resins and asphaltenes (i.e., the less volatile fractions) or macromolecular weight radicals formed during the reaction, being less mobile, are readily adsorbed by the catalyst particles and become saturated by hydrogenation via carbonium ion mechanisms. Hence, a balance between fuel distillates and coke production in ultradispersed catalytic upgrading becomes necessary.
It was observed that the addition of cyclohexane (CH) hydrogendonor solvent reduces coke compared to the amount of coke produced upon upgrading under nitrogen (see Fig. 4 ). Quantitatively, the coke decreased by 6.2% to 45.4% as the CH:oil ratio increased from 0.01 to 0.08 (g·g − 1 ) relative to 4.67 wt.% of coke observed without CH in ultradispersed catalytic upgrading under nitrogen environment (see Table 5 and Fig. 4 ). Correspondingly, the amount of upgraded oil increases in mirror trend with the decrease in amount of coke as the CH:oil ratio increased from 0 to 0.08 (see Table 5 and Fig. 4 ). This observation suggests that adding CH solvent makes it possible to increase the yield of upgraded oil whilst suppressing coke formation. The improvement can be attributed to the release of hydrogen during reaction due to dehydrogenation of CH, and subsequently, under high pressure, hydrocracking and hydrogenation reactions are promoted. The ability of the cracked hydrocarbon radicals to undergo addition-reaction to form adducts with larger molecular weight than the starting hydrocarbon has been reported by Gray and McCaffrey [25] . Under an inert environment such as nitrogen these reactions are favoured [8] . This addition-reaction between hydrocarbon radicals produces bigger molecules, which decreases the yield of low-boiling components and the produced oil is characterised by low-API gravity and high viscosity (upgrading under N 2 : 21.2°API and 10.5 mPa·s; upgrading under H 2 : 21.7°API and 6.1 mPa·s, see Section 3.3). The dehydrogenation of CH produces hydrogen and benzene (i.e., aromatic hydrocarbon). The aromatic hydrocarbons are known coke precursors during the upgrading reaction, whereas the dissociation of hydrogen produces the lightest and the fastest diffusing active species (H•), which help to suppress the addition-reactions between hydrocarbon free radicals, hydrogenate olefins and aromatics to form stable hydrocarbon molecules. This is the reason for the lower amount of coke observed under hydrogen atmosphere compared to the used of CH solvent, whereas higher amount of upgraded oil was produced with CH (see Table 5 ). However, lower gas yields in the presence of CH compared to thermal cracking reaffirmed that the increased pressure with increasing CH:oil ratio during reaction can be attributed to evaporation, thermal expansion and phase-change of cyclohexane (see Fig. 2 ). It was noted that there is a strong correlation between coke yield and CH:oil ratio (R 2 value~0.98 as shown in Fig. 4 based on regression analysis). Thus from the regression equation shown in Fig. 4 , it can be deduced that CH:oil ratio of approximately 0.073 g·g −1 is required to achieve a similar reduction of coke yield compared with hydrogen gas. The amount of cyclohexane required, represents 6.8 wt.% of the feed oil mixture.
High temperature contributes mainly to condensation of free radicals and abstraction of hydrogen to form coke [19, 23, 24] , and is favoured by thermal cracking. However, in the presence of dispersed Ni-Mo/Al 2 O 3 catalyst hydrogen; methyl and ethyl transfer reactions were activated on the active sites of the ultrafine particles and react with the cracked fragments. This helps to suppress the condensation of hydrocarbon free radicals due to thermal cracking; hence the yields of large molecular weight hydrocarbons and coke are reduced [19] . Hence, coke inducing period and colloidal stability of the reaction medium is improved and prolonged in the presence of hydrogen and cyclohexane [23, 24] .
The composition of the produced gas was determined using Refinery Gas Analyser (RGA) by gas chromatograph in selected experiments and presented in Table 6 for thermal cracking and ultradispersed catalytic upgrading under nitrogen and hydrogen. The produced gas upon the addition of cyclohexane was not analysed. However, it can be observed that thermal cracking produced more normal alkane gases than ultradispersed catalytic upgrading. This is consistent with the material balance presented in Table 5 , Fig. 2 and also with the observation of Sawarkar et al. [21] . The isomers iC 4 -C 5 and olefins (C 2 -C 4 ) were produced more with ultradispersed catalytic upgrading under nitrogen atmosphere than thermal counterpart. This is an indication of the dominance of catalytic cracking promoted by the Ni-Mo/Al 2 O 3 particles. In the reservoir, the hydrocarbon gases can miscibly displace oil and provide recovery through gas drive mechanism.
Ultradispersed upgrading under hydrogen atmosphere produced 0.44 vol.% olefin gases whilst 1.07 vol.% of the same was produced when upgrading was carried out under nitrogen atmosphere. This represents a 0.63 vol.% decrease of olefin gases under hydrogen atmosphere. This shows that under hydrogen atmosphere, the ultradispersed Ni-Mo/Al 2 O 3 catalyst promotes hydrogenation of olefins and aromatic hydrocarbons. The bimetallic Ni-Mo is responsible for the hydrogenation function which helps to moderate free radicals and coke precursors produced from cracking of heavy oil and subsequently lower coke yields for ultradispersed catalytic upgrading. In the presence of hydrogen both hydrocracking and hydrogenation occur concurrently. The extent of sulphur removal resulting in the release of hydrogen sulphide under hydrogen atmosphere is 1.3 times more than experienced under nitrogen atmosphere. Hence, the level of hydrodesulphurisation (HDS) function of the Ni-Mo/Al 2 O 3 catalyst is greatly enhanced in the presence of hydrogen.
API gravity, viscosity and asphaltene
The API gravity [defined as (141.5 / specific gravity of oil) − 131.5] is used to classify crude oil into light, medium, heavy or extra-heavy oil. Crude with API gravity less than 20°and viscosity greater than 100 mPa·s is regarded as heavy oil [26] . On the other hand, heavy oil differs from light oils by their high viscosity at reservoir conditions, hence upgrading is necessary to improve fluidity for pipeline transportation. Table 7 shows the API gravity, viscosity and the asphaltene content of the feed and upgraded oil samples. Clearly, all the upgraded oil samples are lighter than the feed oil. However, thermal cracking only increases the API gravity by 4.37°, but the ultradispersed Ni-Mo/Al 2 O 3 particles increases it to 6.4°relative to the feed oil under nitrogen atmosphere. This represents approximately 2°further improvement in API gravity with ultradispersed catalyst compared with only thermal cracking. The additional gain of 2°API with catalyst is significant as it may represent a premium of $2-3 for each barrel of oil produced [3] , and more also with ultradispersed catalyst more upgraded oil and less coke are produced relative to thermal cracking only and the upgraded oil possesses better quality (discussed in Section 3.5) and yields more fuel distillates (discussed in Section 3.4).
Under hydrogen atmosphere the API gravity increased to 21.65°c ompared to 21.2°(nitrogen). This represents a gain of 0.42°for ultradispersed catalytic upgrading under hydrogen atmosphere. A similar observation was reported by Hart et al. [6] . Furthermore, under hydrogen atmosphere hydrocracking and hydrogenation reactions are favoured. The function of the Ni-Mo/Al 2 O 3 catalyst is to promote these reactions which leads to smaller molecular weight products, as the alumina promote cracking of macromolecules whilst the Ni-Mo metals transfer active hydrogen to the cracked fragments to form a smaller stable molecule following the carbonium ion mechanism. The extent of hydrogenation can be noticed in the lower olefins and the higher amount of hydrogen sulphide in the produced gas when ultradispersed catalytic upgrading was carried under hydrogen atmosphere compared to nitrogen atmosphere (see Table 6 ). Testing the effect of cyclohexane (CH) on ultradispersed catalytic upgrading under nitrogen atmosphere, it was observed that API gravity increases by an additional 0.45 to 1.14°as the CH:oil ratio increases from 0.01 to 0.08 g·g −1 compared to the 21.2°achieved with ultradispersed catalytic upgrading under nitrogen gas atmosphere. The re-condensing effect of the cyclohexane and/or from benzene can be seen to be negligible as the reaction was carried at high temperature (425°C), the boiling point of cyclohexane is 80.7°C, only a small amount of CH (0.2-1.2 g) was used, and the changes in API gravity and viscosity of the produced oil after reaction varies narrowly. In addition to hydrogen supply, other light hydrocarbon gases such as C 1 -C 5 are formed as a result of ring opening [27] . Notably, upgrading with CH:oil ratio of 0.04 g·g −1 under nitrogen atmosphere had a similar effect to adding hydrogen. The results presented in Tables 5 and 6 show that the trend in the amount of coke and API gravity after upgrading is consistent with the report of Dim et al. [18] . The slight increase in API gravity with increasing CH:oil ratio whilst suppressing coke formation suggests that significant carbon-rejection in the upgrading reaction is required for a remarkable API gravity rise. Therefore limiting the coke deposit is not consistent with a large rise in API gravity. The fluidity of the upgraded oil samples improved as their viscosities were significantly lower compared to the feed oil viscosity of 840 mPa·s ( Table 7 ). The upgraded oil samples have viscosities less than 100 mPa·s, which is necessary for a pipeline transport. Notably the viscosity of the produced oil by ultradispersed catalytic upgrading is 3.3 mPa·s lower than that produced with thermal cracking. However, the viscosity of the upgraded oils are approximately the same and within the same error margin. It is well known that bond breaking is temperature dependent, therefore, since the experimental conditions are the same, it was concluded that the hydrogen and cyclohexane contributed majorly to upgrading chemistry [19] . A similar observation has been reported by Hart et al. [3] for catalytic upgrading under hydrogen and nitrogen using pelleted Co-Mo/Al 2 O 3 at 425°C. It can be noticed from Table 6 that the viscosity of the produced oils decreased slightly as the CH:oil increased from 0 to 0.08 g·g −1 . Consequently, the level of improvement obtained using CH:oil ratio of 0.04 was within a margin of error of ± 0.4°API and ± 0.3 mPa·s viscosity relative to that achieved using CH:oil ratio of 0.08. However, given the relatively small difference of 0.32°in API gravity between the CH:oil ratio of 0.04 and 0.08 g·g − 1 compared to 0.5°API increase as the CH:oil ratio increases from 0.02 to 0.04 g·g −1 , it is therefore more economical to operate with 0.04 g·g −1 .
Asphaltenes are the heaviest component of the feed oil composed of aliphatic side chains, polyaromatic condensed rings, metallic porphyrins (e.g., Ni and V), and heteroatoms such as sulphur, nitrogen, and oxygen [28] . They confer low API gravity, high viscosity to the feed oil and subsequently their precipitation during upgrading reactions contribute majorly to coke formation. From Table 7 , it can be seen that the asphaltene content of the upgraded oil samples after thermal and ultradispersed catalytic upgrading were significantly lower than the feed oil. The asphaltene content of the upgraded oil decreased from 11.1 wt.% (feed oil) to 7.3 wt.% (thermal cracking), 6.7 wt.% (ultradispersed under N 2 ), and 5.6 wt.% (ultradispersed under H 2 ), respectively. This suggests that the presence of hydrogen promoted the conversion of asphaltenes into valuable liquid products whilst suppressing coke formation. The fact that the asphaltene content of the upgraded oil after reaction under hydrogen atmosphere and in the presence of cyclohexane decreased relative to ultradispersed upgrading under nitrogen atmosphere, indicates that hydrogen transfer from cyclohexane solvent assisted by the catalyst did occur. Though the changes in the properties of the upgraded oils relative to the catalytic counterpart were small, the results however show a narrow trend and effect of cyclohexane on API gravity, viscosity, asphaltene, yield of upgraded oil and inhibiting coke formation. The reduction in asphaltene content improved the API gravity and viscosity of the upgraded oil.
True Boiling Point (TBP) distribution
The True Boiling Point (TBP) distribution according to the ASTM D-2887 standard is a method for crude oil characterisation. It provides a good approximation of the expected separation by distillation in the refinery [29] . Fig. 5 shows the TBP curves for the feed and upgraded oil samples after upgrading with thermal cracking and ultradispersed Ni-Mo/Al 2 O 3 catalyst under nitrogen, hydrogen, and cyclohexane solvent, respectively. Table 8 summarises the distillate fractions into naphtha (IBP -200°C), middle distillate (200-343°C) and residue (N343°C). The shift to left of the temperature-volumetric yield of curve of the upgraded oils relative to the feed oil curve, indicates improved low-boiling components (see Fig. 5 ). A significant improvement in the upgraded oils relative to the fed heavy oil can be noticed between 240 and 440°C of the TBP curves. This increase in light hydrocarbon components in the upgraded oils is the reason for the increased API gravity and lower viscosity observed in Table 6 relative to the feed oil. It can be noticed that the feed oil contains a low proportion of fuel constituents (with boiling point (BP) below 343°C) compared to the upgraded oil samples. From Table 8 , whilst the naphtha and middle distillates increase, the residue fraction (BP N343°C) decreases in the order thermal cracking, ultradispersed (N 2 ), and ultradispersed (H 2 ). With increasing CH:oil ratio the amount of the fraction with BP greater than 343°C decreases (see Table 8 ).
The upgraded oils showed significant amounts of naphtha and middle fuel distillate boiling range (IBP -343°C) compared to the starting heavy feed oil. The residue fraction (BP N 343°C) decreases from 50.5 vol.% to 44.17 vol.% (thermal cracking under N 2 ), 43.17 vol.% (ultradispersed under N 2 ), and 38.5 vol.% (ultradispersed under N 2 ). However, whilst the sum of the naphtha and middle distillate fractions (IBP -343°C) increases as the CH:oil ratio increases from 0 to 0.08 g·g −1 , the residue fraction (BP N 343°C) decreases correspondingly. This implies that more of the residue fractions were converted into middle fractions in the presence of the cyclohexane hydrogen-donor solvent. It can be observed that the presence of hydrogen improved the naphtha fraction more compared to the cyclohexane donor solvent. A similar improvement in naphtha and middle distillate fractions was observed by Jarullah et al. [30] , after hydrotreatment of a whole crude oil in a trickle-bed reactor. This observation is also consistent with the results reported on API gravity and viscosity of the feed and upgraded oils (see Table 7 ). The trend therefore suggests that the capping of cracked hydrocarbon radicals by active hydrogen during reaction helps to produce stable molecules with lower molecular weight and boiling point than starting hydrocarbon molecule.
The initial step towards the liberation of hydrogen from cyclohexane (CH) on the Ni-Mo/Al 2 O 3 catalyst starts with the adsorption of the CH molecule followed by dehydrogenation to cyclohexene, cyclohexadiene and benzene at high temperature [16, 27, 31, 32] , as illustrated below. The overall reaction can be simplified by Eq. (3).
The hydrogen produced dissociates at the active site of the Ni-Mo/ Al 2 O 3 particles and subsequently reacts with cracked hydrocarbon fragments and intermediates produced by thermal cracking to form stable and low molecular weight hydrocarbons. Consequently, the cyclohexane can undergo selective ring opening to methane, ethane, propane, and butane and their isomers at the reaction temperature (425°C) range has been reported in the literature [22] . The two parallel reactions occurring are simplified by the reaction scheme shown below involving cracking of cyclohexane to light hydrocarbons and dehydrogenation to benzene [33] . Slagtern et al. [33] observed that the produced alkane gases from C 1 -C 4 are products of secondary reaction whilst the olefins C 2 -C 4 are products of primary reaction of the CH ring opening.
These reactions are the reason for higher internal pressure observed and lower gas yields upon the use of cyclohexane relative to that without cyclohexane which is catalytic upgrading under nitrogen environment only (see Fig. 2 and Table 5 ). It is well known that hydrogen, methyl, and ethyl are the smallest species during heavy oil upgrading, hence in the presence of a catalyst they are readily incorporated with hydrocarbon intermediate and radicals to form stable molecules, which helps to increase the yields of low-boiling components and suppress coke formation. Table 9 shows the sulphur and metal content and elemental analysis of the feed and upgraded oil samples. It can be seen that thermal cracking gave 2.96 wt.% carbon-rejection whilst ultradispersed catalytic upgrading under nitrogen rejected 2.85 wt.% carbon relative to the feed oil which contains 88.86 wt.%. However, the addition of cyclohexane and hydrogen rejected lower amount of carbon 2.63 and 2.39 wt.%, respectively. It is well known that high portion of the elemental carbon in the feed oil is associated with poly-aromatics species such as resins and asphaltenes. Nonetheless, due to the supported hydrocracking and hydrogenation activities of the Ni-Mo/Al 2 O 3 particles in the presence of hydrogen, components such as olefins and aromatics with high proportion of carbon are readily hydrogenated; hence the portion of hydrogen in the produced oil was improved. This notion is re-enforced in the increased elemental hydrogen in the produced oil upon the use of hydrogen atmosphere and cyclohexane addition (Table 9 ). Also, hydrodenitrogenation (HDN) increased nitrogen removal under these upgrading conditions compared to ultradispersed upgrading under nitrogen atmosphere only.
Elemental, sulphur and metals analysis
The high level of impurities in heavy oils such as metals (e.g., Ni, V, and Fe) and heteroatom (e.g., S and N) poses challenges to downstream processes. Hence, these impurities need to be removed through upgrading to be suitable as refinery feedstock. From Table 9 , the metal (Ni + V) content of the upgraded oil by ultradispersed Ni-Mo/Al 2 O 3 particles under nitrogen was 39 ppm whilst the extent of sulphur reduction is 19.1% compared to 44 ppm and 16.8% achieved with thermal cracking. This shows that the quality of the upgraded oil improved with ultradispersed catalyst upgrading. Moreover, the produced oil after ultradispersed upgrading under hydrogen atmosphere contains 26 ppm (Ni + V) and 37.5% sulphur content reduction relative to the feed oil. The further demetallisation and desulphurisation experienced under hydrogen atmosphere can be attributed to hydrodesulphurisation (HDS) and hydrodemetallisation (HDM) reactions in the presence of Ni-Mo/Al 2 O 3 particles and hydrogen. The extent of sulphur reduction in the upgraded oil increased from 22.7 to 33.2% as the CH:oil increased from 0.01 to 0.08 (g·g −1 ). This is because of the increased availability of hydrogen for HDS reaction as the amount of CH increased. However, the Ni + V content decreased from 32 to 27 ppm for CH:oil ratio 0.01-0.04 and increased from 29 to 36 ppm for CH:oil ratio 0.06-0.08. Notably, the extent of demetallisation upon CH addition was high than ultradispersed upgrading under nitrogen atmosphere only (see Table 9 ). Generally, the iron (Fe) content of the upgraded oil is less than 1 ppm relative to 5 ppm for the feed oil.
The Ni-Mo/Al 2 O 3 catalyst particles showed a relatively high demetallisation activity compared to desulphurisation. The metals (e.g., Ni, V, and Fe) are present as oil soluble porphyrins, which upon adsorbing on the catalyst particles undergo hydrogenation and ring cleavage and subsequently deposited. Consequently, the concentration of sulphur in the feed oil is much higher than that of the metals (Ni + V) and is mostly present as sulphide, disulphide, and thiols (e.g., mercaptans). The sulphur in the heavy oil can be removed as hydrogen sulphide ( Table 6 ) and also for sulfidation of the Ni-Mo during reaction, whilst the removed metals from the heavy oil ends up as metal sulphides M x S y (where M is V, Ni, Fe, etc.) accumulation on the surface of the catalyst particles [19, 34] . It is believed that the deposited metal sulphides (M x S y ) can provide some sort of auto-catalytic activity on the surface of the particles [34, 35] .
Conclusions
The role of cyclohexane as a hydrogen-donor solvent in increasing the yield of upgraded oil whilst decreasing the coke yield, using ultradispersed Ni-Mo/Al 2 O 3 catalyst, during THAI process for recovery and upgrading of heavy oil was investigated at 425°C, under hydrogen and nitrogen atmospheres. The yields of upgraded oil and coke were respectively found to be 78.71 wt.% and 7.95 wt.% (thermal cracking under N 2 ), 83.79 wt.% and 4.67 wt.% (ultradispersed catalyst under N 2 ), and 86.81 wt.% and 2.74 wt.% (ultradispersed catalyst under H 2 ). It was found that increasing the cyclohexane-to-oil ratio from 0.01 to 0.08 g·g −1 not only suppressed coke yield from 4.38 to 2.55 wt.% respectively, but also increased the yield of upgraded oil from 86.97 to 88.76 wt.% relative to ultradispersed catalyst under nitrogen without cyclohexane added. However, it was observed that the API gravity of the upgraded oils slightly increased from 21.51 to 22.31°relative to 21.2°achieved under nitrogen without cyclohexane added. The viscosity of the upgraded oils reduced by approximately 98.85% relative to the feed oil viscosity (840 mPa·s). There was a significant reduction in coke yield during catalytic upgrading under a hydrogen atmosphere. By comparison, the addition of cyclohexane increased the amount of upgraded oil. Note: the sulphur and metals content analysis was performed by Intertek Laboratories Sunbury Technology Centre, UK, using ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry), whilst the elemental microanalysis was used for CHN.
